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We isolated a human gene encoding keratinocyte proline-rich protein (hKPRP). hKPRP gene is located in the region
of epidermal differentiation complex on chromosome 1q21, and its  2.5 kb mRNA encodes 579 amino acid protein
with high proline content (18%). The mRNA level of hKPRP was markedly increased at both 7 and 14 d after treat-
ment with 1.2 mM calcium in cultured normal human epidermal keratinocytes. In situ hybridization demonstrated
that hKPRP was expressed in upper granular layer of normal epidermis with characteristic intermittent pattern.
In psoriatic lesion, hKPRP expression was increased as compared with normal skin and showed continuous
pattern. Immunohistochemical analysis also conﬁrmed the expression of hKPRP at the protein level. Western blot
analysis showed that hKPRP protein of  70 kDa size was signiﬁcantly increased by calcium in a time-dependent
manner. In mouse tissue blot assays, the expression of KPRP was detected in stomach and skin tissues, and began
at 17.5 embryonic days. Additionally, hKPRP expression was detected in the periderm of human fetal skin from
16 wk estimated gestational age. Together, these results suggest that hKPRP is an epidermal marker expressed in
stratiﬁed squamous epithelia and has a potential role in keratinocytes differentiation.
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The skin is an organ that lies at the interface between the
organism and the environment (Eckert, 1989). It provides
the physical barrier against environmental insults, such as
chemicals, pathogens, and UV light (Chuong et al, 2002).
This protective function is largely dependent on the corni-
fied cell envelope (CE), a specialized insoluble structure
formed beneath the plasma membrane in terminally differ-
entiated stratified squamous epithelium (Kalinin et al, 2001;
Kalinin et al, 2002). Most of CE-built proteins are provided
by skin keratinocytes through a sophisticated differentiation
process that involves the sequential expression of lots of
genes. These include transglutaminase 1 and 3 (TGase 1
and 3), involucrin, cornifin, loricrin, filaggrin, and small pro-
line-rich proteins (SPR) (Rice and Green, 1977; Fuchs, 1993;
Steinert and Marekov, 1995; Steinert and Marekov, 1997;
Nemes and Steinert, 1999). Interestingly, many of these
genes have evolutionarily conserved structure, and are
clustered on chromosome 1q21 in humans (Volz et al, 1993),
chromosome 3 in mice (Cabral et al, 2001), and chromo-
some 2 in rats (Kong et al, 2003). Despite intensive investi-
gation during the last decades, however, many genes related
to keratinocytes differentiation remain to be discovered.
In an effort to identify the genes related to keratinocytes
differentiation, we previously performed suppression
subtractive hybridization (SSH) using a calcium-induced
keratinocytes differentiation model. One gene, previously
named as 7-4-14, showed remarkable induction by calcium
treatment in normal human epidermal keratinocytes (NHEK)
(Seo et al, 2004). In this study, we isolated the full-length
cDNA of that gene and named as human keratinocytes
proline-rich protein (hKPRP), based on the sequence anal-
ysis. We demonstrated that hKPRP is expressed in stratified
squamous epithelial layer in a differentiation-specific
manner, and believed that hKPRP is a novel marker for
epidermal differentiation.
Results
Isolation of hKPRP, a gene associated with the keratin-
ocyte differentiation We previously obtained a partial
cDNA fragment that showed remarkable induction by cal-
Abbreviations: CE, cornified cell envelope; EGA, estimated gesta-
tional age; hKPRP, human keratinocyte proline-rich protein; NHEK,
normal human epidermal keratinocytes; SSH, suppression sub-
tractive hybridization
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cium treatment in NHEK (Seo et al, 2004). Partial sequence
obtained from SSH was analyzed against NCBI Map viewer,
and result showed that this gene was located in the region
of epidermal differentiation complex (EDC) on chromosome
1q21 (Fig 1). In order to isolate the full length cDNA, we
performed 50- and 30-RACE and obtained 2.5 Kb cDNA.
Sequence analysis against BLAST search revealed that this
gene encoded a hypothetical protein (accession number
XM_060108). Its open reading frame predicted a protein of
579 amino acids with 64 kDa molecular mass (Fig S1). One
characteristic feature of this protein was that its proline
content was relatively high (18%), within the carboxyl-ter-
minal half proline content reached 26%. This putative pro-
tein has high homology (64%) to a rat keratinocyte proline-
rich protein (accession number AF548002) (Fig 2), thus
we named it as human keratinocyte proline-rich protein
(hKPRP, GenBank accession number AY960854). Amino
acid sequence analysis using Prosite (http://au.expasy.org/
prosite) revealed that hKPRP has eight putative N-my-
ristoylation sites, gluatime-rich region (aa 4–209), and pro-
line-rich region (aa 257–510).
Detection of hKPRP mRNA In our previous report (Seo
et al, 2004), the mRNA expression was detected using a
partial cDNA fragment obtained from SSH that covered 30-
untranslated region of hKPRP. To further verify whether the
expression of hKPRP was related to the calcium-induced
keratinocytes differentiation, we performed Northern blot
analysis using a partial cDNA fragment that included 50-end
of hKPRP (nt 19–499). As shown in Fig 3A, hKPRP mRNA
was detected at 7 and 14 d after treatment with calcium of
NHEK cultured in vitro. Real-time PCR also confirmed that
hKPRP mRNA is highly induced by calcium (Fig 3A, lower
panel). Interestingly, this expression pattern was very similar
to that of loricrin (Seo et al, 2004), suggesting its possible
involvement during the late events of keratinocytes differ-
entiation, such as CE formation.
To localize the hKPRP expression, we performed in situ
hybridization using both sense and anti-sense riboprobes
(Fig 3B). Consistent with northern blot data, the expression
of hKPRP was detected at upper granular layer of normal
Figure 1
Map of the 2 Mb epidermal differentiation complex (EDC). The q21
region of chromosome 1 is expanded to illustrate the EDC. The gene for
hKPRP is located between SPRL6A and IVL genes, indicated by arrow.
S100A10, S100 calcium binding protein A10; THH, trichohyalin; FLG,
filaggrin; NICE-1, NICE-1 protein; LEP17, late envelope protein 17;
SPRL6A, small proline rich-like 6A; hKPRP, human keratinocyte proline-
rich protein; IVL, involucrin; SPRR1B, small proline-rich protein 1B;
LOR, loricrin; S100A9, S100 calcium binding protein A9; S100A8, S100
calcium binding protein A8; S100A6, S100 calcium binding protein A6;
S100A4, S100 calcium binding protein A4; S100A1, S100 calcium
binding protein A1.
Figure2
Sequence alignment between human keratinocytes proline-rich
protein (hKPRP) and rat keratinocytes proline-rich protein (rKPRP).
Similarity of amino acid sequence between hKPRP and rKPRP is eval-
uated. The alignment shows 64% identity between these two proteins.
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skin, with a characteristic intermittent pattern. As psoriasis
is a well-known disease related to keratinocytes differenti-
ation, we also investigated the localization of hKPRP in
psoriatic lesion. Interestingly, the expression of hKPRP was
highly increased as compared with normal skin and showed
continuous pattern.
Next, we examined at which tissues KPRP was ex-
pressed. To this end, we used mouse tissue blot obtained
commercially and mouse KPRP probe that was made by
RT-PCR based on the predicted sequence (accession
number XM_485267). As shown in Fig 3C, mouse KPRP
mRNA of  3.0 kb was detected in stomach and skin. We
further determined the KPRP expression in developmental
stage using mouse embryo blot. KPRP began to express
from E17.5 d (Fig 3C, lower panel).
Detection of hKPRP protein To investigate the hKPRP
expression at the protein level, we raised polyclonal anti-
body against synthetic peptide covering the middle portion
of hKPRP (aa 415–429). Western blot analysis showed that
hKPRP protein of  70 kDa was highly increased by cal-
cium treatment of NHEK in a time-dependent manner (Fig
4A). This data was well consistent with Northern blot result.
To further verify that hKPRP was related to the keratinocytes
differentiation, we used another model system in which im-
mortalized keratinocytes HaCaT was induced to differenti-
ate by calcium and ionophore A23187 (Fuchs, 1990; Zhao
et al, 1992). As expected, hKPRP protein level was also
increased by treatment of calcium and ionophore A23187
(Fig 4B).
To localize the hKPRP expression, we performed
immunohistochemical staining (Fig 4C). The results showed
that the expression of hKPRP was highly differentiation-
specific in normal skin. Particularly, very strong signal was
seen in the uppermost part of granular layer. In psoriatic
lesion, the expression of hKPRP was significantly increased
as compared with normal skin, showing consistent result
with in situ hybridization data. In addition, we investigated
hKPRP expression in several skin diseases including ep-
idermal cyst and lichen planus. The expression of hKPRP
was found in upper granular layer of epidermal cyst skin. In
contrast, hKPRP expression was not detected in the lesion
of lichen planus. We also examined the hKPRP expression
in atopic dermatitis and it was rarely detected (data not
shown).
To investigate the spatiotemporal expression of hKPRR
in developmental stage, immunohistochemical staining was
performed with human fetal skin. It has been previously
documented that the embryonic epidermis consists of the
periderm, intermediate, and basal layers until 22 wk esti-
mated gestational age (EGA), but they were replaced with
the granular, spinous, and basal layers from 24 wk EGA
(Holbrook and Odland, 1980; Lee et al, 1999). As shown in
Fig 4D, the expression of hKPRP began at 16 wk EGA in the
periderm and not in intermediate layer. Further, hKPRP was
continuously expressed in the granular and horny layers of
the epidermis at 24 wk EGA and thereafter.
Discussion
Although a number of genes required for keratinocyte dif-
ferentiation have been already discovered, it is likely that
many of important molecules remain undisclosed. In this
study, we have cloned a novel keratinocytes differentiation
related gene hKPRP by a PCR-based cDNA subtraction
method. Based on the sequence analysis, hKPRP is though
to be a homolog of rat KPRP isolated by Kong et al (2003).
The full-length cDNA of hKPRP is about 2.5 kb and pre-
dicted to encode 579 amino acid protein with a calculated
molecular mass of 64 kDa and an isoelectric point (IP) of
8.72, which is little different from rat KPRP with 699 amino
acids, 76.4 kDa molecular mass and 8.4 IP. One remarkable
feature of hKPRP is a high content of proline, similar to the
SPR. Despite its high proline content, however, hKPRP is
unlikely to be related with SPR. The SPR have a common
structure of head, tail, and internal repeat domains, and the
amino acid sequences of each domain are highly conserved
in SPR family (Cabral et al, 2001). The amino acid sequenc-
es of head and tail of hKPRP do not correspond to those of
SPR, however, and there are no internal repeats of consen-
sus sequence. In addition, locus for hKPRP is out of SPR
Figure 3
Detection of human keratinocytes proline-rich protein (hKPRP)
mRNA. (A) Lower panel showed the result of quantitative real-time PCR
analysis. Two micrograms of total RNA were reverse transcribed with
M-MLV reverse transcriptase and used for PCR amplification. The data
of real-time PCR was corrected according to the quantity of b-actin and
expressed as a fold induction. Data are represented as mean  SE
of triplicated experiments (po0.01). (B) In situ hybridization. Fourteen
micrometer sections of human normal skin and psoriatic lesion were
hybridized with sense and antisense hKPRP riboprobes. The hKPRP-
specific hybridization signals are strongly detected in the granular layer
of the epidermis of both the normal and psoriatic skin. Arrows indicate
the cells that express hKPRP. Pictures were taken under the magni-
fication of  40 (scale bar: 100mm). (C) Tissue distribution and devel-
opmental expression of mouse KPRP. Using mouse KPRP probe that
was made by RT-PCR, northern hybridization was performed. About
3.0 kb band was seen in stomach and skin tissues (upper panel), and
the expression of mouse KPRP begins at E 17.5 d (lower panel). Et-
hidium bromide-stained gel was photographed as a loading control.
hKPRP, A NOVEL EPIDERMAL DIFFERENTIATION MARKER 997125 : 5 NOVEMBER 2005
multigene cluster within the EDC on chromosome 1q21,
suggesting that there is no relationship between hKPRP and
SPR in terms of evolution via gene amplification.
Amino acid sequence analysis revealed that there are
eight putative N-myristoylation sites in hKPRP protein. Pro-
tein myristoylation is critical in many biological pathways
such as signal transduction, apoptosis, and alternative ex-
tracellular protein export (Maurer-Stroh et al, 2002). It has
been suggested that the myristoyl group acts as not only a
simple hydrophobic anchor, but also a modulator of cal-
cium-sensitive process. For example, recoverin, a known
myristoylated protein that controls the lifetime of the photo-
excited rhodopsin (Senin et al, 1995), undergoes confor-
mational change and becomes an active form upon binding
of calcium (Ames et al, 1997). Therefore, it could be spec-
ulated that the myristoyl-binding sites of hKPRP protein
might play some specific roles in the epidermal differenti-
ation by cooperating with calcium. Domain analysis re-
vealed that hKPRP protein contains also the glutamine-rich
region and the proline-rich region at N-terminal and C-ter-
minal respectively, suggesting that it could be linked by
transglutaminases and become a component of the CE.
So far, it is not known whether hKPRP is a structural
protein in the CE or another type of functional protein. We
speculate, however, that hKPRP is one of CE components
for several reasons below. First, temporal expression pat-
tern of hKPRP was almost same to loricrin expression after
calcium treatment of cultured NHEK at both transcriptional
and translational levels. Loricrin is a well characterized CE
protein that shows late expression in calcium-induced ker-
atinocytes differentiation (Seo et al, 2004). Second, in situ
hybridization and immunohistochemical staining clearly lo-
calized the hKPRP expression at the uppermost part of
granular layer, implicating that this protein may exert its role
during the formation of corny layer. This notion is partly
supported by the fact that hKPRP expression looks like
slightly increased in the region of thick corny layer of ep-
idermal cyst skin as compared with that of thin corny layer
(Fig 4Cc). It is not clear, however, why there is no hKPRP
expression in lichen planus, which is one of representative
skin disease showing thick corny layer with thick granular
layer. Third, tissue distribution of hKPRP expression was
restricted to the orthokeratinizing epithelia such as stomach
and skin, similar to other CE proteins. For example, human
loricrin is expressed only in the stratified squamous epithelia
of epidermis, palate, stomach, tongue and esophagus (Hohl
et al, 1993). Another example includes suprabasin ex-
pressed in skin, tongue, palate and stomach (Park et al,
2002). Fourth, the KPRP expression was first observed at
E17.5 in mice, coinciding with beginning of stratification of
the epithelia in developmental stage (Koster and Roop,
2004). In addition, hKPRP expression started from 16 wk
EGA in human fetal development and persisted postnatally
through the epidermal layers. Since it has been suggested
that the sequential order of CE proteins expression in hu-
man fetal skin was similar to that of their incorporation into
the CE in postnatal skin (Lee et al, 1999), temporal expres-
sion pattern of hKPRP reflects somehow the possibility of
Figure 4
Detection of human keratinocytes pro-
line-rich protein (hKPRP) protein. (A)
Western blot analysis. Normal human ep-
idermal keratinocytes were cultured and
differentiated by addition of 1.2 mM cal-
cium (Ca) for the indicated time points.
Proteins (20 mg per lane) were separated
on 10% polyacrylamide gels. Duplicate
blots were probed with anti-involucrin
(Inv) antibody as a positive control, and
anti-hKPRP antibody. (B) HaCaT keratin-
ocytes were induced to differentiate by
treatment with 0.3 mM calcium and ion-
ophore A23187 (1 mM) for the indicated
time points. Western blot was performed
as in (A). (C) Immunohistochemical stain-
ing. Paraffin-embedded tissue sections
of skin specimens were stained with
anti-hKPRP antibody. a, normal skin; b,
psoriatic lesion; c, epidermal cyst lesion;
d, lichen planus lesion. Pictures were
taken under the magnification of  40
(scale bar: 100 mm). (D) The expression of
hKPRP during human fetal development.
Paraffin-embedded tissue sections of hu-
man fetal skin were stained with anti-
hKPRP antibody. (a) 14 wk estimated ges-
tational age (EGA), (b) 16 wk, (c) 17 wk, (d)
18 wk, (e) 20 wk, (f) 24 wk, (g) 27 wk, and
(h) 32 wk. Pictures were taken under the
magnification of  200 (scale bar: 10mm).
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becoming a CE component. Evidence suggests that the
immature cornified CE is formed in the early second tri-
mester (  16 wk EGA), whereas the mature CE is formed in
the late second or early third trimester (Lee et al, 1999).
Although it has been suggested that the periderm uses dif-
ferent sets of precursor proteins in forming a barrier struc-
ture, several well-known mature CE precursors, such as
loricrin and small proline rich-like protein 1 (SPRR1), are
also included in immature CE formation. Therefore, the ex-
pression of hKPRP at 16 wk EGA suggests that this protein
may be also included in immature CE formation, together
with mature CE formation. Nonetheless, the precise bio-
chemical and functional characteristics of hKPRP remain to
be elucidated.
In summary, we isolated a novel gene hKPRP and dem-
onstrated that its expression is closely related to the ker-
atinocytes differentiation. This newly identified gene may be
a novel epidermal differentiation complex member and thus
a potential candidate for skin diseases. Although it remains
unknown whether hKPRP is a structural protein in the CE or
another type of functional protein, further analysis of hKPRP
in comparison with CE proteins will certainly reveal the cru-
cial molecular mechanisms underlying the regulation of skin
homeostasis.
Materials and Methods
Skin samples All skin samples were obtained under the written
informed consent of donors, in accordance with the ethical com-
mittee approval process of Chungnam National University Hospi-
tal. The study was conducted according to Declaration of Helsinki
Principles.
Cell culture Skin specimens were briefly sterilized in 70% ethanol,
minced, and then treated with dispase for overnight at 41C. The
epidermis was separated and placed in a solution containing
0.05% trypsin and 0.02% ethylenediaminetetraacetic acid (EDTA)
(Gibco BRL, Rockville, Maryland) for 15 min at 371C. After vigorous
pipetting, cells were pelleted and resuspended in keratinocyte-
serum free medium (K-SFM) supplemented with bovine pituitary
extract and recombinant human epidermal growth factor (Gibco
BRL). Cells were grown in collagen-coated dishes at 371C, 5%
CO2 atmosphere. At third passage, cells were switched to the
same medium containing 1.2 mM calcium and cultured for 1, 3, 7,
and 14 d. Immortalized human keratinocytes HaCaT were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) (Gibco BRL). At 70% conflu-
ency, cells were washed twice with PBS and cultured in K-SFM for
24 h. To induce differentiation, 1 mM A23187 and 0.3 mM calcium
were added and further incubated for 1, 2, 3, and 4 d.
SSH Messenger RNA were isolated using an Oligotex mRNA kit
(Qiagen, Hilden, Germany). The suppression subtractive hybridi-
zation was carried out using a PCR-Select cDNA subtraction kit
(Clontech, Palo Alto, California), according to the method de-
scribed previously (Seo et al, 2004). One cDNA clone that showed
marked induction by calcium in NHEK was selected for a further
study.
Rapid ampliﬁcation cDNA end (RACE) To isolate the full-length
cDNA, we performed 50- and 30-RACE with GeneRacer kit with
superscript II RT (Invitrogen, Carlsbad, California). As a results, two
overlapping clones were obtained that covered amino-terminal and
carboxy-terminal regions of hKPRP mRNA. These clones were
subcloned into the TA cloning vector, and then sequenced. Two
clones were complied to construct a full-length hKPRP cDNA.
Northern blot analysis Total RNA were prepared using an Easy
blue RNA isolation kit (Intron, Daejeon, Korea). For northern blot
analysis, 10 mg of total RNA were electrophoresed in 1% agarose
gels containing formaldehyde and transferred onto Hybond-Nþ
membranes (Amersham, Buckinghamshire, UK). Blots were pre-
hybridized for 2 h at 421C, then hybridized overnight at 421C in the
same solution containing 32P-labeled probe (specific activity is
1  109 cpm per mg). Following hybridization, blots were washed
and analyzed using a Fuji BAS 2500 phosphoimager (Fuji Film,
Tokyo, Japan). For tissue distribution and developmental expres-
sion of KPRP, mouse RNA blots (Seegene, Seoul, Korea) were
hybridized according to manufacturer’s recommendation. Probes
were prepared by RT-PCR. The following primers were used to
amplify each cDNA respectively: hKPRP 50-GCATCAGGAC-
CATGTGTGACC and 50-GGACAGGGTACATAGTTCTGGA; mouse
KPRP 50-TACCTTACCGCCAAGAACT and 50-GTATTTCCTTGGTC
TCCACA; b-actin 50-ATCGTGGGCCGCCCTAGGCA and 50-TGG
CCTTACCCTTC AGAGGGG.
Real-time PCR For quantitative measurement, real-time PCR was
performed using Rotor-Gene 2000 real-time amplification operator
(Corbett Research, Mortlake, Australia). The PCR reactions
contained a final concentration of 1  SYBR Green PCR master
mix (Applied Biosystems, Warrington, UK), 10 mM specific primers,
and 2.5 ng of cDNA. Relative expression level of hKPRP was
computed with respect to the expression level of b-actin according
to the method previously reported (Gelmini et al, 2001).
In situ hybridization Skin specimens were fixed in 4% parafor-
maldehyde in PBS for overnight at 41C, then dehydrated and em-
bedded with OCT compound (Leica Microsystems, Bannockburn,
Illinois). Fourteen mm sections were mounted onto gelatin-coated
slides, and air-dried. After rehydration, sections were washed with
0.1% diethylpyrocarbonate in PBS for 15 min and incubated with
1 mg per mL of proteinase K for 10 min at 371C. Riboprobes cor-
responding to the sense and antisense strands of human hKPRP
partial cDNA (about 500 bp) were prepared using T7 and SP6 RNA
polymerase (Promega, Madison, Wisconsin) in the presence of
[35S]UTP (Amersham). After overnight hybridization at 551C, sec-
tions were rinsed and visualized using Hypercoat nuclear emulsion
(Amersham).
Preparation of hKPRP antibody and western blot analysis Po-
lyclonal antibody against hKPRP were raised using the synthetic
peptide SLEPRPRPLPRQLSE (aa 415–429 from the deduced pro-
tein sequence of hKPRP). For western blot analysis, cell extracts
were prepared using Pro-prep protein extraction solution (Intron).
Protein samples were run on 10% SDS-polyacrylamide gel, trans-
ferred onto nitrocellulose membrane and incubated with anti-
hKPRP antibody. For detection of involucrin, appropriate mono-
clonal antibody was purchased from Santa Cruz Biotechnologies
(Santa Cruz, California). Blots were then incubated with per-
oxidase-conjugated secondary antibody and developed by en-
hanced chemiluminescence (Amersham).
Immnohistochemistry Paraffin sections of skin specimens were
dewaxed, rehydrated, then washed three times with PBS. After
treatment with proteinase K for 5 min at 371C, sections were
treated with H2O2 for 10 min at room temperature, blocked in 0.1%
Tween-20, 1% bovine serum albumin in PBS for 20 min, and fol-
lowed by reaction with anti-hKPRP antibody (1:5000 dilution) for 30
min. Sections were incubated sequentially with peroxidase-conju-
gated secondary antibody and visualized with Chemmate envision
detection kit (Dako, Carpinteria, California). Sections without pri-
mary antibody were used as negative controls.
Statistical analysis Data were evaluated statistically using Stu-
dent’s t test or one-way analysis of variance followed by Fisher’s
least significant difference test for a post hoc comparison. Statis-
tical significance was set at po0.01.
hKPRP, A NOVEL EPIDERMAL DIFFERENTIATION MARKER 999125 : 5 NOVEMBER 2005
This study was supported by a grant of the Korea Health 21 R&D
Project, Ministry of Health & Welfare, Republic of Korea (01-PJ3-PG6-
01GN12-0001).
Supplementary Material
The following material is available online for this article.
Figure S1
Nucleotide sequence and putative amino acid sequence of hKPRP.
DOI: 10.1111/j.0022-202X.2005.23887.x
Manuscript received March 4, 2005; revised May 20, 2005; accepted
for publication June 9, 2005
Address correspondence to: Jeung-Hoon Lee, MD, PhD, Department
of Dermatology, School of Medicine, Chungnam National University,
640 Daesa-dong, Daejeon, 301-040, Korea. Email: jhoon@cnu.ac.kr
References
Ames JB, Ishima R, Tanaka T, Gordon JI, Stryer L, Ikura M: Molecular mechanics
of calcium-myristoyl switches. Nature 389:198–202, 1997
Cabral A, Sayin A, de Winter S, Fischer DF, Pavel S, Backendorf C: SPRR4, a
novel cornified envelope precursor: UV-dependent epidermal expression
and selective incorporation into fragile envelopes. J Cell Sci 114:3837–
3843, 2001
Cabral A, Voskamp P, Cleton-Jansen AM, South A, Nizetic D, Backendorf C:
Structural organization and regulation of the small proline-rich family of
cornified envelope precursors suggest a role in adaptive barrier function.
J Biol Chem 276:19231–19237, 2001
Chuong CM, Nickoloff BJ, Elias PM, et al: What is the ‘‘true’’ function of skin? Exp
Dermatol 11:159–187, 2002
Eckert RL: Structure, function, and differentiation of the keratinocyte. Physiol Rev
69:1316–1346, 1989
Fuchs E: Epidermal differentiation: The bare essentials. J Cell Biol 111:2807–
2814, 1990
Fuchs E: Epidermal differentiation and keratin gene expression. J Cell Sci
17:197–208, 1993
Gelmini S, Tricarico C, Vona G, et al: Real-time quantitative reverse transcriptase-
polymerase chain reaction (RT-PCR) for the measurement of prostate-
specific antigen mRNA in the peripheral blood of patients with prostate
carcinoma using the taqman detection system. Clin Chem Lab Med
39:385–391, 2001
Hohl D, Ruf Olano B, de Viragh PA, et al: Expression patterns of loricrin in various
species and tissues. Differentiation 54:25–34, 1993
Holbrook KA, Odland GF: Regional development of the human epidermis in the
first trimester embryo and the second trimester fetus (age related to the
time of amniocentesis and fetal biopsy). J Invest Dermatol 80:161–168,
1980
Kalinin AE, Kajava AV, Steinert PM: Epithelial barrier function: Assembly and
structural features of the cornified cell envelope. Bioessays 24:789–800,
2002
Kalinin AE, Marekov N, Steinert PM: Assembly of the epidermal cornified cell
envelope. J Cell Sci 114:3069–3070, 2001
Kong W, Longaker MT, Lorenz P: Molecular cloning and expression of keratin-
ocyte proline-rich protein, a novel squamous epithelial marker isolated
during skin development. J Biol Chem 278:22781–22786, 2003
Koster MI, Roop DR: The role of p63 in development and differentiation of the
epidermis. J Dermatol Sci 34:3–9, 2004
Lee SC, Lee JB, Kook JP, et al: Expression of differentiation markers during fetal
skin development in humans: Immunohistochemical studies on the pre-
cursor proteins forming the cornified cell envelope. J Invest Dermatol
112:882–886, 1999
Maurer-Stroh S, Eisenhaber B, Eisenhaber F: N-terminal N-myristoylation of pro-
teins: Refinement of the sequence motif and its taxon-specific differenc-
es. J Mol Biol 317:523–540, 2002
Nemes Z, Steinert PM: Bricks and mortar of the epidermal barrier. Exp Mol Med
31:5–19, 1999
Park GT, Lim SE, Jang SI, Morasso MI: Suprabasin, a novel epidermal differen-
tiation marker and potential cornified envelope precursor. J Biol Chem
277:45195–45202, 2002
Rice RH, Green H: The cornified envelope of terminally differentiated human
epidermal keratinocytes consists of cross-linked protein. Cell 11:417–
422, 1977
Senin II, Zargarov AA, Alekseev AM, Gorodovikova EN, Lipkin VM, Philippov PP:
N-Myristoylation of recoverin enhances its efficiency as an inhibitor of
rhodopsin kinase. FEBS Lett 376:87–90, 1995
Seo EY, Lee WH, Piao YJ, et al: Identification of calcium-inducible genes in
primary keratinocytes using suppression-subtractive hybridization. Exp
Dermatol 13:163–169, 2004
Steinert PM, Marekov LN: The proteins elafin, filaggrin, keratin intermediate fil-
aments, loricrin, and small proline-rich proteins 1 and 2 are isodipeptide
cross-linked components of the human epidermal cornified cell envelope.
J Biol Chem 270:17702–17711, 1995
Steinert PM, Marekov LN: Direct evidence that involucrin is a major early iso-
peptide cross-linked component of the keratinocyte cornified cell enve-
lope. J Biol Chem 272:2021–2030, 1997
Volz A, Korge BP, Compton JG, Ziegler A, Steinert PM, Mischke D: Physical
mapping of a functional cluster of epidermal differentiation genes on
chromosome 1q21. Genomics 18:92–99, 1993
Zhao Y, Sudol M, Hanafusa H, Krueger J: Increased tyrosine kinase activity of c-
Src during calcium-induced keratinocyte differentiation. Proc Natl Acad
Sci USA 89:8298–8302, 1992
1000 LEE ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
